Introduction
Polymyxins are regarded as last-line therapeutic options to treat the growing number of infections caused by multidrug-resistant Gram-negative bacteria, especially carbapenem-resistant Enterobacteriaceae (CRE). 1 Meanwhile, since the initial discovery of the plasmid-mediated colistin resistance gene, mcr-1, this gene has been reported in Enterobacteriaceae isolates from the environment, food, animals and humans worldwide. 2 Even more worrisome, mcr-1 has spread into clinical CRE isolates, resulting in extensively drug-resistant isolates that can cause untreatable infections. Our research group and others have reported on a number of clinical isolates that coproduce MCR-1 and carbapenemase. Among these clinical MCR-1-producing CRE isolates, the NDM-type carbapenemases are highly represented, including NDM-1 [3] [4] [5] and NDM-5. [6] [7] [8] [9] [10] [11] Other carbapenemases have also been identified, such as KPC-2, 12,13 VIM-1 14 and OXA-48. 15, 16 Such strains have the potential to seriously compromise current treatment options for CRE infections. Moreover, these resistance genes are located on different plasmids, allowing their further spread. It is clear that MCR-1-producing CRE isolates result in so-called "superbug" isolates, accelerating the entry into a "post-antibiotic" era. 17 In the present study, we report the isolation of an extensively drug-resistant Escherichia coli strain that coproduces NDM-16 and MCR-1 from a urine sample taken from a patient with a craniocerebral injury. The genetic characteristics of the mcr-1-and bla NDM-16 -harboring plasmids were analyzed. In addition, comparative genetic analyses of mcr-1 and bla with closely related plasmids were also carried out. To the best of our knowledge, this is the first report describing the isolation of an isolate E. coli strain coproducing NDM-16 and MCR-1.
Materials and methods

Patient and isolate data
A carbapenem-resistant strain of E. coli EC1188 was isolated from a 40-year-old female patient who was admitted to a hospital for a craniocerebral injury caused by a traffic accident in Hangzhou, Zhejiang, China in September 2017. The strain was cultured from urine during hospitalization of the patient and was preliminarily identified by the VITEK 2 system (Sysmex-bioMérieux, Marcy l'Etoile, France) and further confirmed by 16S rRNA sequencing. Multilocus sequence typing (MLST) of resistance genes and the Inc-type plasmid of the strain were performed using the MLST 1.8 server, ResFinder 3.0, Virulence Finder 1.5 and Plasmid Finder 1.3, which are available at the Center for Genomic Epidemiology (http://www.genomicepidemiology. org/). Antibiotic susceptibilities were determined using the broth microdilution method and the results were interpreted according to the Clinical and Laboratory Standard Institute guidelines, 18 except for tigecycline and colistin, which were interpreted according to the European Committee on Antimicrobial Susceptibility Testing breakpoints for Enterobacteriaceae (http://www.eucast.org/clinical_breakpoints). E. coli ATCC 25922 was used as a quality control strain of antibiotic susceptibility test.
S1-pulsed-field gel electrophoresis (PFGE) and southern blot analysis
To ascertain the plasmids location of the bla NDM-16 and mcr-1 genes, genomic DNA digested with S1-nuclease (TaKaRa, Osaka, Japan) was electrophoresed on a CHEF-mapper XA PFGE system (Bio-Rad Laboratories Inc., Hercules, CA, USA) for 22 hours at 14°C with run conditions of 6 V/cm and pulse times from 2.16 to 63.8 seconds. The DNA fragments were transferred to a positive-charged nylon membrane (EMD Millipore, Billerica, MA, USA) and then hybridized with a digoxigenin-labeled bla NDM-16 -and mcr-1-specific probe. An NBT/BCIP color detection kit (Hoffman-La Roche Ltd., Basel, Switzerland) was then used to detect the fragments. The Salmonella enterica serotype Braenderup H9812 was used as the size marker.
conjugation experiments
A filter-mating experiment was carried out between the isolate and rifampicin-resistant E. coli C600 as the recipient strain. 8 Transconjugants were selected for Mueller-Hinton (MH) agar plates containing 500 mg/L rifampicin and 100 mg/L ampicillin or 500 mg/L rifampicin and 2 mg/L colistin. Polymerase chain reaction sequencing and antimicrobial susceptibility testing of the transconjugants were subsequently performed to confirm whether the plasmid was successfully transferred to the recipient.
genomic Dna extraction and analysis
Total genomic DNA extraction and analysis was performed as previously described. 12 Briefly, the genomic DNA of E. coli strain EC1188 was extracted using a QIAamp DNA MiniKit (Qiagen, Valencia, CA, USA) following the manufacturer's recommendations. Sequencing was performed via a single molecule real-time technique using a PacBio RS II platform and the resulting sequences were assembled de novo using the hierarchical genome assembly process with the default settings of the single molecule real-time Analysis v2.3.0 software package. Next, the Rapid Annotation using Subsystems Technology annotation website server (http://rast.nmpdr.org/ rast/cgi) was used to annotate the genomes. A comparison of pEC1188-NDM16 and pEC1188-MCR and their related plasmids was performed with EasyFig 2.2.2.
transferred to a fresh MH agar plate. After repeating this procedure for 10 days, 12 individual colonies were randomly selected. Subsequently, the mcr-1 and bla NDM-16 genes were screened by polymerase chain reaction and sequenced.
nucleotide sequence accession numbers
The complete nucleotide sequences of the plasmids pEC1188-NDM16 and pEC1188-MCR reported in the present study have been deposited in the GenBank nucleotide database under accession numbers MH213345 and MH213346, respectively.
ethical approval
The clinical isolate E. coli EC1188 was part of the routine hospital laboratory procedure.
The Ethics Committee of the Zhejiang Provincial People's Hospital exempted this study from review because the present study only focused on bacteria.
Results and discussion
Isolate characteristics
The antimicrobial susceptibility testing results showed that strain EC1188 was resistant to the majority of the antimicrobial agents tested (Table 1) and was classified as an extensively drug-resistant bacterium according to the recently proposed international classification scheme. 21 Acquired resistance to antimicrobial agents was further identified, including beta-lactams (bla TEB-1B , bla and bla NDM-16 ), aminoglycoside (aadA5, rmtB and aadA2), colistin (mcr-1), macrolide (mph(A)), sulfonamide (sul1), tetracycline (tetA) and trimethoprim (dfrA12 and dfrA17). MLST analysis showed the isolate belonged to ST3204.
To date, some clinical isolates coproducing MCR-1 and various carbapenemases have been identified since an MCR-1 and NDM-5 coproducing isolate was first reported from a duck sample. 22 However, strains coproducing NDM-16 and MCR-1
have not been reported. At present, E. coli is the primary host among strains coproducing MCR-1 and carbapenemase (Table  2 ). According to the MLST results (Table 2) , these isolates have various sequence types, indicating that these isolates are not clonally related to each other, even though some of the strains were collected from the same hospital. In addition, the type one fimbriae genes fimABCDEFGHI, which encode virulence determinants, were identified by the Rapid Annotation using Subsystems Technology annotation. Furthermore, the type IV fimbrial genes pilABC were also identified. Other virulence genes for increased serum survival (iss), glutamate decarboxylase (gad), enterobactin siderophore receptor protein (iron), colicin M (cma) and several putative virulence factors were also identified in the genome of this strain. The identified virulence determinants may have contributed to the infection or colonization of the strain.
Plasmid location S1-PFGE followed by southern blotting showed that the mcr-1 and bla NDM-16 genes were located on an ~65 kb IncHI2 plasmid and an ~80 kb IncF plasmid, respectively (Figure 1 ). Filter mating experiments were then performed to confirm their transferability and the two genes could successfully transfer their resistance phenotype to E. coli strain C600 (Table 1 ). In addition, after ten rounds of subculture on MH agar without the addition of antibiotics, randomly selected colonies were confirmed to carry mcr-1 and bla NDM-16 genes and plasmids identical to their parental isolate in size, indicating that the plasmids harboring the bla NDM-16 or mcr-1 genes may be stably maintained in the hosts.
genetic context of plasmids bearing mcr-1
The whole genome sequence of strain EC1188 was obtained to better characterize the mcr-1-and bla NDM-16 -positive plasmids. The mcr-1 gene was located in a plasmid named pEC118-MCR. Sequence analysis showed that the plasmid (Figure 2 ), belonged to IncI2 incompatibility group and had a G+C content of 42.5%. Sequence analysis showed that the genes coding for plasmid transfer functions, such as tra and pil, and the genes responsible for plasmid stability functions, such as mok and parA, were identified. BLASTn search results showed that pEC1188-MCR exhibited 91% query coverage and 99% identity to the originally described mcr-1-encoding plasmid pHNSHP45. 23 The pEC118-MCR plasmid sequence was nearly identical to the plasmid pHNSHP45, primarily differing by the following: 1) the lack of a 2,704 bp insertion of IS683 downstream of the repA gene, which is consistent with another plasmid (pH17-1) carrying the mcr-1 gene but lacking the inserted sequence; 12 2) an ISApl1 transposable element was not observed in this plasmid, but an insertion sequence ISEcp1was present ( Figure 2 ) and 3) an extended-spectrum β-lactamase gene bla CTX-M-199 was identified in this plasmid. Note that the insertion sequence ISApl1 gene was not found upstream of mcr-1, but the pap2 gene encoding the PAP2-family protein 
1193
Coproducing NDM-16 and MCR-1 in E. coli was identified downstream of the mcr-1 gene. The insertion sequence of ISApl1 is not always associated with mcr-1 and it is absent in some mcr-1-positive plasmids, implying a relic for frequent conjugation of ISApl1-mcr-1-pap2. 24 So far, mcr-1 has been reported to be carried in different plasmids incompatibility such as IncI2, IncX4, IncHI2 and IncP. 24 The IncI2-type plasmid was the first reported mcr-1-harboring plasmid. In addition, in our previous study, of 21 mcr-1-positive isolates recovered from bloodstream infections in China, 15 isolates contained mcr-1 on the IncI2-type plasmid. 8 Furthermore, incompatibility of strains coproducing MCR-1 and carbapenemases isolated from humans being was analyzed, indicating that IncI2-type plasmid was also prevalent (Table 2) . Overall, IncI2-type plasmid played an important role in the dissemination of mcr-1 in E. coli, even in strains coproducing MCR-1 and carbapenemases.
genetic characteristics of plasmids bearing bla The bla gene is located in a plasmid named pEC1188-NDM16. Sequence analysis showed that the plasmid was 80,215 bp in length (Figure 2 ), belonged to the IncF incompatibility group and had a G+C content of 51.8%. The plasmid was further analyzed in the nr/nt database and showed an overall 99% nucleotide identity and 100% query coverage to the bla NDM-5 -positive plasmids pLZ135-NDM (GenBank Accession Number MF353156) and pNDM-d2e9 (GenBank Accession Number CP026201), as shown in Figure 2 . Interestingly, analysis of the typical segment flanking bla NDM-16 on pEC1188-NDM16 revealed that the bla NDM-16 gene was likely to be transferred by two flanking IS15DIV elements, which share the same flanking sequence (IS15DIV-bla NDM-
16
-ble-dsbD-IS91-dfrA12-IS15DIV) with the two bla NDM-5 gene-bearing IncX3 plasmids.
In addition, NDM-5 is the primary type of carbapenemase among MCR-1-producing CRE isolates (Table 2) . Our recent study also found that bla NDM-5 was able to coexist in the MCR-1-producing strain isolated from bloodstream infections. 8 Furthermore, NDM-16, which differs from NDM-5, has aspartate to valine amino acid substitution at position 233. Note that dissemination of the bla NDM-5 gene via a plasmid among non-clonal E. coli isolates has been observed in our hospital. 25 Although no genetic association was observed among MCR-1-producing CRE isolates, the widespread dissemination of bla in recent years in Enterobacteriaceae highlights the need for active surveillance to prevent further dissemination of MCR-1-producing isolates.
Conclusion
In summary, to the best of our knowledge, this is the first report of a clinical E. coli strain coproducing MCR-1 and NDM-16. In addition, this study also characterizes the bla NDM-16 -harboring plasmid for the first time. Our study further underscores that the co-occurrence of the two prevalent transferrable resistance plasmids in a single isolate raises extensive concern, because infections caused by MCR-1-producing CRE isolates increase each year. It is imperative to perform active surveillance to prevent further dissemination of MCR-1-producing CRE isolates.
